Consider a single electron in a central potential. A hydrogenic atom is composed of a nucleus of charge Ze at the origin and an electron at r, , . First, consider a single electron in a central potential e = Ze/4 e 0 r = -( 2 /2m) 2 -Ze 2 /4 e 0 r In polar coordinates: 2 = 2 / r 2 +(2/r) / r + 1/r 2 { 2 / 2 + cot / + (1/sin 2 ) 2 / 2 } The term in parentheses is -l 2. Schrödinger's equation is = E The wave function means that the probability of finding the electron in a small volume dV ar r is *(r) (r)dV. ( * is the complex conjugate of ). Eigenfunctions of the Schrödinger equation are of the form (r, , ) = R(r) ( ) ( ).
The angular part ( ) ( ) is written as Y l ml ( , ) . The spherical harmonics Y l ml ( , ) depend on two integers l, m l , where l is 0 and |m l | l. 
The hydrogenic atom and angular momentum x
The square of the orbital angular momentum l 2 has eigenvalues l(l+1) . The orbital angular momentum has magnitude [l(l+1)] and its projection along z can have any value from -l to +l . The quantities l z and l 2 can be measured simultaneously (the operators commute). In the vector model, The total angular momentum is a vector which precesses around z. The quantity R 0 = me 4 /8h 2 0 = 13.6 eV is the Rydberg, the basic energy in atomic physics. For the central Coulomb potential e, the potential energy V(r) depends only on r, not on or . E depends only on n.
The radial part of the wavefunction R (r)
•The radial part R(r) depends on l and also on n, the total quantum number; n > l; hence l = 0, 1, ......(n-1).
R(r) = V n l (Zr/na 0 )exp[-(Zr/na 0 )] V 1 0 = 1. Here a 0 = 4 0 2 /me 2 = 52.9 pm is the first Bohr radius, the basic length scale in atomic physics.
The three quantum numbers n, l, m l denote an orbital, a spatial distribution of electronic charge. Orbitals are denoted nx, x = s, p, d, f for l = 0, 1, 2, 3. Each orbital can accommodate up to two electrons with spin m s = ±1/2. No two electrons can be in a state with the same four quantum numbers (Pauli exclusion principle). The hydrogenic orbitals are listed in the table   14  ±1/2  0,±1,±2,±3  3  4 
The many-electron atom
Coulomb interactions between electrons Hartree-Foch approximation, each electron sees a different self-consistent potential V l (r). 
The terms are widely separated in energy; one is the lowest
In spectroscopy, the energy unit cm -1 is used. Handy conversions are:1 eV 11605 K and 1 cm -1 1.44 K Finally we need to couple the spin and orbital angular momentum to form a resultant
Hund's rules; A prescription to give the ground state of a multi-electron atom 1) First maximize S for the configuration 2) Then maximize L consistent with that S 3) Finally couple L and S; J = L -S if shell is < half-full; J = L + S if shell is > half-full.
In the example, S = 1, L = 1, J = 0. The ground state of carbon is 3 P 0 , which is nonmagnetic (J = 0).
General notation for multiplets is 2S+1 X J where X = S, P, D ...... for L = 0, 1, 2 ..... Some examples:
This relatively-weak relativistic interaction is responsible for Hund's third rule. In the multi-electron atom, the spin-orbit term in the Hamiltonian can be written as so = L.S is > 0 for the first half of the 3d or 4f series and < 0 for the second half. It becomes large in heavy elements. is related to the one-electron spin-orbit coupling constant by = ± /2S for the first and second halves of the series. The resultant angular momentum (see above) is J = L ± S The identity J 2 = L 2 + S 2 + 2 L.S is used to evaluate H so .The eigenvalues of J 2 are J(J + 1) 2 etc, hence L.S can be calculated. We define the g-factor for the atom or ion as the ratio of the component of magnetic moment along J in units of µ B to the magnitude of the angular momentum in units of .
Spin-orbit coupling constants in the
The g-factor is also the ratio of the z-component of magnetic moment ( In a large field at low temperature the moment is saturated at the value -gµ B J Bohr magnetons.
Susceptibility gives m eff 2 = g 2 µ B 2 J(J+1)
Co 2+ free ion
Energy levels of Co 2+ ion, 3d 7 . Note that the Zeeman splitting is not to scale.
Data on rare-earth ions Data on 3d ions
Summary:
For free ions:
Filled electronic shells are not magnetic. A and a electron is paired in each orbital
Only partly-filled shells may possess a magnetic moment
The magnetic moment is related to the total angular momentum by m = g(µ B / )J, where J is the total quantum number given by Hund's rules.
The third point has to be modified for ions in solids Orbital angular momentum for 3d ions is quenched. The spin-only moment is m = gµ B S, with g =2.
Certain crystallographic directions become easy axes of magnetization -magnetocrystalline anisotropy. so must be considered before cf for 4f ions, and the converse for 3d ions. Hence J is a good quantum number for 4f ions, but S is a good quantum number for 3d ions. The 4f electrons are generally localized, and 3d electrons are localized in oxides and other ionic compounds.
Ions in solids
The most common coordination for 3d ions is 6-fold (octahedral) or 4-fold (tetrahedral). Both have cubic symmetry, if undistorted. The crystal field can be estimated from a point-charge sum.
Octahedral and tetrahedral sites. To demonstrate quenching of orbital angular momentum, we consider the l = 1 states 0, 1, -1 corresponding to m l = 0, ±1. 
One-electron states
Note that the z-component of angular momentum; l z = i / is zero for these wavefunctions. Hence the orbital angular momentum is quenched.
The same applies to 3d orbitals; the eigenfunctions there are The three p-orbitals are degenerate in a cubic crystal field, whether octahedral or tetrahedral, whereas the five d-orbitals split into a group of three t 2g and a group of two e g orbitals Notation; a or b denote a nondegenerate single-electron orbital, e a twofold degenerate orbital and t a threefold degenerate orbital. Capital letters refer to multi-electron states. a, A are nondegenerate and symmetric with respect to the principal axis of symmetry (the sign of the wavefunction is unchanged), b. B are antisymmetric with respect to the principal axis (the sign of the wavefunction changes). Subscripts g and u indicate whether the wavefunction is symmetric or antisymmetric under inversion. 1 refers to mirror planes parallel to a symmetry axis, 2 refers to diagonal mirror planes. 
s, p and d orbitals in the crystal field
As the site symmetry is reduced, the degeneracy of the one-electron energy levels is raised. For example, a tetragonal extension of the octahedron along the z-axis will lower p z and raise p x and p y . The effect on the d-states is shown below. The degeneracy of the d-levels in different symmetry is shown in the table.
The effect of a tetragonal distortion of octahedral symmetry on the one-electron energy levels.
The splitting of the 1-electron levels in different symmetry   1,1,1,1,1,1,1  1,1,1,2,2  1,1,1,2,2  1,3,3  4  f   1,1,1,1,1  1,2,2  1,1,1 
Orgel Diagrams
These diagrams show the effect of a cubic crystal field on the Hund's rule ground state term. Since a half-filled shell has spherical symmetry, the cases d n and d 5+n are equivalent. Also, since a hole is the absence of an electron, the cases d n and d 10-n are related.
In insulators, the electrons in an unfilled shell interact strongly with each other giving rise to a series of sharp energy levels which are determined by the action of the crystal field on the orbital terms of the free atom. The spacing of theses levels may be determined by spectroscopy, and the crystal-field determined.
Many-electron states
High-spin and low-spin states
An ion is in a high-spin state or a low spin state, depending on whether the Coulomb interaction U leading to Hund's first rule (maximize S) is greater or less than the the crystal-field splitting D.
Consider a 3d 6 ion such as Fe 3+ . 
Tanabe-Sugano diagrams These show the splitting of the ground state and higher terms by the crystal field. The high-spin lowspin crossover is seen. Diagrams shown are for d-ions octahedral environments.
Matching the optical absorption spectrum of Fe 3+ -doped Al 2 O 3 with the calculated Tanabe-Sugano energy-level diagram to determine the cubic crystal field splitting at octahedral sites. The electrostatic interaction of the ionic charge distribution (r) with the potential cf created by the rest of the crysta gives rise to the crystal field splittings. It is also the source, via spin-orbit coupling, of magnetocrystalline anisotropy.
where cf (r) = -(e/4 0 ) { (R) / |R -r|} dR The anisotropy energy is therefore E a (r) = -(e/4 0 ) { (r, ) (R ) / |R -r|}dr dR Both the charge distribution (r) and the potential cf (r) can be expanded in spherical harmonics.
Using the Wigner-Eckart theorem, it is possible to write the corresponding crystal-field Hamiltonian in terms of angular momentum operators J x , J xy J z J 2 which is a particularly useful way to find the energy-levels (eigenvalues). The Hamiltonian matrix is written in an M L or M J basis for the 3d transition elements or 4f rare earths respectively. In concise form Reduced magnetization curves for three paramagnetic salts, with Brillouin-theory predictions
The theory of localized magnetism gives a good account of magnetically-dilute 3d and 4f salts where the magnetic moments do not interact with each other. Except in large fields or very low temperatures, the M(H) response is linear. Fields > 100 T would be needed to approach saturation at room temperature.
The excellence of the theory is illustrated by the fact that data for quite different temperatures superpose on a single Brillouin curve plotted as a function of x H/T 
